Variations of mineral chemistry and whole-rock compositions were studied in detail, at millimetre to centimetre intervals, in two vertical drill core profiles through the platiniferous UG2 chromitite layer in the western and eastern limbs of the Bushveld Complex, South Africa. Analytical methods included electron microprobe and LA-ICP-MS analyses of the main rock-forming minerals, orthopyroxene, plagioclase and interstitial clinopyroxene. One profile was also studied by synchrotronsource XRF. Statistical analysis of crystal size distribution of chromite was also performed at different levels in the chromitite layer and in adjacent silicate rocks. The results provide new evidence for chemical and textural late magmatic re-equilibration in the UG2 layer and in the silicate rocks at the contact zones. The chromite crystal size distributions imply extensive coarsening of that mineral within the main chromitite seam, which has erased any textural evidence of primary deposition features such as recharge or mechanical sorting of crystals, if those features originally existed. The mineral compositions in chromitite differ from those in adjacent silicate rocks, in general agreement with predictions of chemical re-equilibration with evolved, residual melt (the trapped liquid shift effect). In detail, the geochemical data imply, however, that the conventional trapped liquid shift model has shortcomings, due to the effects of material transport driven by chemical gradients between modally contrasting layers of crystal mush undergoing reequilibration reactions. In the presence of such gradients, selective open-system conditions may hold for alkalis and hydrogen because of their higher diffusion rates in silicate melts. Differential mobility of components in the interstitial melt can also sharpen the original modal layering by causing minerals to crystallise in one layer and dissolve in another. Detailed trace element profiles by synchrotron XRF reveal an uneven vertical distribution of incompatible elements which implies that the permeability of the chromitite layer may have been significant, even at the latest stages of interstitial crystallization.
INTRODUCTION
Layers of chromitite chiefly composed of Cr-rich spinel are among the most spectacular examples of mineral layering in mafic-ultramafic intrusions. The most prominent examples come from Precambrian layered intrusions such as Stillwater in Montana, USA, the Great Dyke in Zimbabwe and the Bushveld Complex in South Africa. In terms of economic geology, chromitite layers constitute major global reserves of chromium and some contain economic concentrations of platinum-group elements (PGE). As common and important as chromitite layers are, their origin remains highly contentious. Nowhere is the economic importance of chromitite layers greater than in the case of the UG2 layer in the Bushveld Complex, which hosts the world's largest reserves of PGE, has been extensively mined for decades and is the subject of this report. The UG2 is the most studied chromitite layer in the world, yet there is still no consensus on the relative roles of early-, late-, and post-magmatic processes in producing this remarkable rock layer. Opinions are divided on the fundamental question of whether chromite crystallized within the Bushveld magma chamber or was transported as a slurry from a staging magma chamber below. For detailed accounts of the main features of the UG2 layer and its relationship with other units of the layered sequence, readers are referred to an extensive recent literature, e.g. Cawthorn (2005 Cawthorn ( , 2011 Cawthorn ( , 2015 ; Kinnaird et al. (2002) ; Mathez & Mey (2005) ; Mondal & Mathez (2007) ; Maier & Barnes (2008) ; Voordouw et al. (2010) ; Maier et al., 2013; Naldrett et al. (2012) ; Junge et al. (2014) ; Godel (2015) , Latypov et al. (2017) and Manoochehri et al. (2015) .
A major and unsolved obstacle to understanding how chromitites form in the Bushveld and other layered mafic intrusions is that the primary crystallization and chromite accumulation are modified by re-equilibration of minerals with interstitial liquid in the 'crystal mush' during final solidification of the layered rocks and even subsequently at sub-solidus conditions. This is a long-recognized problem and considerable progress has been made in understanding the chemical and physical processes operating in such crystal mushes. Of particular relevance for this study is the so-called 'trapped liquid shift effect' that describes the compositional re-equilibration among minerals and the evolving interstitial melt (trapped liquid). The first geochemical models of this effect were developed for Mg-Fe exchange and for the distribution of some trace elements (Barnes, 1986a; Cawthorn, 1996) . In an extension of the trapped liquid calculations, Manoochehri et al. (2015) considered results from compaction experiments and cooling models to assess the development of porosity in the UG2 and UG3 chromitite layers. Quantitative textural studies of chromite grains and the interstitial silicate minerals can also give insights into the processes operating in a crystal mush (see review by Higgins, 2015) . The quantitative approach has been previously applied to statistical analysis of the crystal-size distribution of chromites and silicate minerals (e.g. O'Driscoll et al., 2010; Vukmanovic et al., 2013) and the geometry of grain boundaries (Holness et al. 2007 (Holness et al. , 2013 .
Rarely have textural studies and detailed geochemical analyses been undertaken on the same vertical profiles across a chromitite layer. This is the main objective of the study presented here. Results are presented from two complete profiles through the UG2 layer, one from the eastern limb (Nkwe mine) and one from the western limb (Khuseleka mine). We provide petrographic descriptions and report the chemical compositions of the main rock-forming minerals in the UG2 layer (chromite, orthopyroxene, plagioclase, locally clinopyroxene) and in the silicate rocks immediately above and below the layer, using electron microprobe and laser ablation ICP-MS. The geochemical effect of the evolved, trapped liquid is to produce local enrichments in incompatible trace elements, and in some cases crystallization of accessory phases such as zircon or monazite. The spatial distribution of trace element enrichment may reflect the distribution of trapped liquid in the layer, or the paleo-porosity in the sense of Manoochehri et al. (2015) . In an effort to quantify this distribution, we used synchrotron-source XRF spectrometry to obtain continuous, millimetre-resolution trace-element profiles across the UG2 drill core from Khuseleka (including Pd and Rh). To our knowledge this is the first application of the method to layered igneous rocks. Finally, we performed crystal size distribution (CSD) analyses of chromite from UG2 and the adjacent silicate layers, providing the first CSD data from the UG2 chromite.
norites and minor anorthosites), the Main Zone (norites, gabbronorites and minor anorthosites) and the Upper Zone (gabbronorites and augite diorites with magnetite and nelsonite layers).
There is strong evidence that the RLS rocks formed in an open-system magma chamber affected by multiple injections and mixing of different parental magmas, as well as by significant amounts of crustal assimilation (Harris et al., 2004) . The open-system nature of magma evolution in the RLS is shown by trace element ratio variations, changes in the initial Sr isotope ratios and by reversals in compositional trends of cumulate minerals (Eales & Cawthorn, 1996; Maier et al., 2013; Cawthorn, 2015 and references therein) . Studies of chilled margins (Wilson, 2012) and comagmatic sills (Barnes et al., 2010) revealed three distinct types of parental magma, referred to in recent publications as B1, B2 and B3 (Barnes et al., 2010; Godel et al., 2011; Maier et al., 2013; VanTongeren & Mathez, 2013) . For the Critical Zone rocks of interest here, the B1 magma is believed to represent the parental magma composition (Cawthorn, 2007) . The estimates of the B1 magma composition published by different authors vary in detail, but in general it corresponds to an Mgrich basaltic andesite (SiO 2 and MgO contents at about 55 and 12 wt %, respectively). The other two magma types are more evolved, with major element characteristics corresponding to tholeiitic basalt (50-51 wt % SiO 2 ; 6-7Á5 wt % MgO).
UG2 and other chromitite layers of the critical zone
The Critical Zone is defined by the presence of prominent chromitite layers, which are sufficiently laterally continuous to be used as stratigraphic markers. Three groups of chromite layers are distinguished, each with several members: Lower (LG1-7), Middle (MG 1-4) and Upper (UG1-3). Individual layers within each group are numbered sequentially from the base upwards; locally some layers split into one or more sublayers, e.g.LG6a, MG2b, etc. The division of the lower and upper Critical Zones is marked by the appearance of cumulus plagioclase and this occurs within the MG group. The thickest of the chromitite layers reaches about 2 m, but 0Á7 to 1 m is more common and there are many thinner chromite seams and stringers of only a few centimetres or even millimetres in thickness between the major chromitite layers. There are systematic compositional variations of chromite with stratigraphic height in the sequence of LG to UG groups. A summary from many localities in the complex is provided by Naldrett et al. (2012) who defined two general trends. Chromites from LG1 to LG4 show a trend of increasing Cr/(CrþAl) ratio and decreasing Mg/(Mg þ Fe 2þ ) upward. This was termed trend A. Trend B, displayed by the LG5 to MG2 sequence, shows upward-decreasing Cr/(CrþAl) and decreasing Mg/(MgþFe 2þ ) ratios. Chromite layers from MG3 upwards again follow trend A. Naldrett et al. (2012) explained the trends by a combination of magma recharge and fractional crystallization.
The UG2 is the uppermost massive chromitite layer in the Bushveld Complex except for part of the eastern limb where a UG3 is also present. Above the UG2 or UG3, chromite occurs as an accessory mineral dispersed in silicate rocks or as thin, millimetre-to centimetre-thick stringers. Important examples of the latter are chromitites at the basal and top contacts of the Merensky Reef, which lies several tens to hundreds of metres above UG2. The concentrations of platinumgroup elements (PGE) increase upward in the Critical Zone chromitites, from substantial, but sub-economic, levels of around 0Á5 to 1 ppm in the LG group to concentrations of 5-10 ppm in UG2 and the Merensky chromite stringers where they are actively mined (Scoon & Teigler, 1994; Naldrett et al., 2009) . Indeed, UG2 and the Merensky Reef with its chromitite stringers contain the largest PGE resource in the world (Godel, 2015 and references therein) . The mechanisms by which PGE are concentrated in chromitites remain unclear and the situation is unlikely to improve without a better understanding of how the chromite layers themselves formed (Kinnaird et al., 2002) .
The UG2 layer is typically about 0Á8-1Á0 m thick, but ranges between 0Á15 and 2Á5 m Its modal abundance of chromite is 60 to 90 wt % (Mathez & Mey, 2005; Naldrett et al., 2012) . Laterally, the UG2 layer may split into two or more thinner seams, which merge again further along strike. As noted above, this is characteristic of other Bushveld chromitite layers, e.g.the MG series, LG6 and especially UG1, whose numerous thin seams interlayer with anorthosite to form the famous 'zebra rock' of Dwars River ). Cawthorn (2011 proposed that UG3, known only from part of the eastern lobe, has elsewhere merged with the top of the UG2 layer. Lee (1996) and Mathez & Mey (2005) documented a textural break in the middle of the UG2 layer between a lower part with fine-grained chromitite and an upper part containing abundant plagioclase and pyroxene oikocrysts. These and other lines of evidence led Cawthorn (2011) to conclude that the UG2 chromitite may be a composite of three distinct layers, between which there are occasional thin screens or 'partings' of silicate-rich rock. Variations of chromite composition in vertical profiles across the UG2 layer have been documented by, e. g., Mathez & Mey (2005) and Junge et al. (2014) . Whereas Mathez & Mey (2005) found locally strong but non-systematic differences in Cr/Al, Mg/Fe, Ti and Ni contents, Junge et al. (2014) Naldrett et al., 2012) . We will discuss these results in more detail and compare with our profiles across the UG2.
SAMPLES AND ANALYTICAL METHODS
This study is based on two complete vertical drill core sections through the UG2 layer, one collected at the Khuseleka mine (formerly Townlands shaft) in the western limb near Rustenburg and the other at the Nkwe Platinum mine in the eastern limb of the Bushveld complex (Fig. 1) . Schematic stratigraphic columns of the sections are presented in Fig. 2 . The drill cores were cut lengthwise and segmented into continuous sets of petrographic thin sections for textural studies and for electron microprobe and LA-ICP-MS analyses of mineral compositions. The remaining half core (Khuseleka only) was used for synchrotron XRF scanning.
Electron microprobe analyses
Mineral compositions were determined in situ on polished, carbon-coated thin sections at GFZ Potsdam using a JEOL JXA-8230 electron microprobe equipped with four wavelength-dispersive spectrometers (WDS) and at the Museum of Natural History (MfN) in Berlin using a JEOL JXA-8500F electron microprobe equipped with a field emission cathode and five WDS. At GFZ Potsdam, the electron microprobe was operated at 15 kV accelerating voltage and a beam current of 15 nA, with a fully-focused (c.1 micron) beam for clinopyroxene and olivine. Plagioclase was analysed using a defocused 5 micron beam and Na was measured first in the element sequence to minimize the effects of alkali loss. Replicate analyses of natural and synthetic standards indicate that the precision of major oxides (>0Á2 wt %) is 6 9 % (2r) or better. Cr-spinel measurements were made with a 20 KV accelerating voltage, beam current of 75 nA and a 1 lm focussed electron beam spot size. The element concentrations were obtained through calibration with natural and synthetic mineral standards (orthoclase for Al and K, rutile for Ti, wollastonite for Si and Ca, albite and jadeite for Na, apatite for P, hematite for Fe, and diopside and periclase for Mg). Analytical uncertainties for the major components are considered to be better than 1-2%. Automated data reduction and correction in both laboratories followed the PAP method (Pouchou & Pichoir, 1985 example, by Barnes & Roeder (2001) Veksler et al. (2015) .
Laser ablation ICP-MS analyses
Laser ablation analyses were performed in two laboratories, at the Vernadsky Institute of Geochemistry and Analytical Chemistry (GEOKHI) in Moscow, Russia and the University of Erlangen in Germany. Analyses at the Vernadsky Institute used the UP-213 laser system and mass spectrometer Element-XR. The gas flow through ablation chamber was optimized for maximum the signal intensity and minimum background noise. For the He carrier gas a flow rate of 0Á6-0Á8 L/min was used; Ar sampling gas was set at 0Á8-1Á2 L/min; auxiliary gas at 1Á5-2Á0 L/min and the flow of the cooling gas was at 16 L/min. Measurements were performed at low resolution (R ¼ 300). The ablation system parameters were as follows: the laser pulse frequency at 4 Hz, power 35%, diameter of the ablation crater 30 mm. Crystal sizes in most samples allowed line scan ablations and, whenever possible, we preferred to move the laser beam at 1 mm/s with a resulting total track length of 180 mm The analyses were carried out in sequences set by the Element XR software package. Standards were measured at the beginning and the end of each sequence. Between analyses we used a wash time pause of 240 s, in order to remove the evaporation products of the previous sample. Synthetic glass NIST-610 was used as the main standard with further control of the quality of measurements against the reference glass ML3B. The concentration values were taken from the GeoRem Database (http:// georem.mpch-mainz.gwdg.de). Concentrations of Ca and Al measured by microprobe were used as internal standards for pyroxene and plagioclase, respectively. The obtained data were processed using the program 'Glitter' (Van Achterbergh et al., 1999) .
The laser ablation device at the University of Erlangen included a New Wave Research UP193FX laser and an Agilent 7500i, Plasma power 1320 W ICP-MS. The flow rate for carrier gas I (He) was 0Á65 L/min, for carrier gas II (Ar) 1Á07 L/min, for plasma gas (Ar) 14Á9 L/min. The auxiliary gas (Ar) with flow rate at 0Á9 L/ min was tuned for maximum sensitivity and ThO þ /Th þ <0Á5%. We used a single spot ablation mode with a laser pulse rate of 15 Hz and crater diameter of 100 mm. The irradiance laser energy was at 0Á67 GW/cm 2 with the energy density at 3Á37 J/cm 2 . The ablation time was 30 s for the background and 60 s for the analysis. Integration time for trace element isotopes was 20 ms for each mass, 5 ms each for 26 Mg, 27 Al, 57 Fe, and 10 ms each for 29 Si and 44 Ca. Silica was used as the internal standard. NIST SRM 612 glass standard was used for external calibration. Accuracy and reproducibility were checked by ablation of the NIST SRM 614 standard. Data reduction employed the programme LAMTRACE described by Longerich et al. (1996) and van Achterbergh et al. (2001) . The programme performs background correction, correction for instrumental drift, internal calibration, choice of integration intervals and calculation of element concentrations using external calibration. The Ca signal and microprobe data were used for internal calibration of trace element concentrations in plagioclase and Mg was used in the same way for pyroxene, olivine and spinel. A summary of the electron microprobe and LA-ICP-MS data is given in Tables 1 and 2 .
Synchrotron radiation X-ray fluorescence microanalysis (SR XRF) X-ray fluorescence microanalysis of the Khuseleka drill core section was carried out at the Institute of Nuclear Physics, Siberian Branch of the Russian Academy of Sciences in Novosibirsk using a synchrotron radiation beam from the electron-positron VEPP-3 storage ring with a perimeter of 74Á4 m, injection energy of 350 MeV and maximal energy of 2000 MeV. In the early 1990s, the source was equipped with a one-dimensional scanner for samples up to 300 mm in length, with a minimum step size of 10 lm. The system for collimation and focusing can produce a beam of minimum 100 lm in diameter at the excitation energy of 15-30 keV. The XRF scanner is routinely used for chemical analyses of lacustrine and marine sediments, but this study is the first application to igneous rocks. Darin et al. (2016) describe the results of trial analyses carried out on a layered petrographic thin section of the UG1 chromitite. The samples used in this study were drill core fragments 37 Â 20 Â 5 mm in size, polished on one side. They were fixed into the scanner and moved at 1Á2 mm increments. The size of the collimated beam of excitation radiation was 1 mm along the profile and 20 mm across. Scanning was done twice at different excitation energies of 20 and 30 keV. The acquired spectra were processed using the AXIL software (Van Espen et al., 1986) . The algorithm is based on nonlinear optimisation by the least squares method. The fitting functions are a set of Gaussians with the positions and mutual intensities of individual peaks corresponding to the tabulated positions and intensities of fluorescence lines for detected elements.
Concentrations of elements were calculated from the intensities of their analytical lines using the external standard method. No suitable international standard was available for chromitite, so concentrations were calibrated against electron microprobe and conventional whole-rock XRF data from the same sample. Reference elements used in the calibration included K, Ca, Ti, Cr, Mn and Fe. The XRF data are given in the Supplementary Data; supplementary data are available for downloading at http://www.petrology.oxfordjour nals.org. We acknowledge that absolute concentrations 8 (7) 36 (3) 25 (3) 28 (11) 44 (10) 3 (2) 40 ( 
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Major oxides are in wt %, trace elements are in ppm.
b. d. l., below the detection limit; n. a, not analysed of some trace elements may have systematic errors that are difficult to evaluate. However, the relative variations within the chromitite seams primarily depend on the intensities of the analytical lines and not on the calibration procedure.
Crystal size distribution
Crystal size distribution (CSD) analysis of chromite crystals in massive chromitite seams and disseminated crystals in the silicate rocks below and above the seams was carried out using reflected light photomicrographs of polished thin sections from the Nkwe and Khuseleka profiles using 2 D image analysis and the 2D-3D conversion method developed by Higgins (2000) . In the main chromitite seam, samples for the CSD analysis were taken from different levels, at the top, in the middle and at the bottom. Numerous random areas of polished petrographic thin sections were photographed under a microscope in reflected light and the digital greyscale photographs were transformed into binary images showing chromite crystals as black areas on a white background. Binary images were manually edited by removing artefacts due to polishing defects and highlighting interfaces between touching crystals. The exposed areas of all individual chromite crystals were contoured and measured by maximal Feret diameters using ImageJ software. The resulting tables of Feret diameters were fed into the CSDCorrections 1.50 software (Higgins, 2000) , which calculated the conventional CSD curves and histograms. In the software input parameters, rock fabric was defined as massive, the input crystal dimension was set to the maximal size, crystal shapes were defined as equidimensional in all three axes and crystal roundness was set to zero. The minimal number of chromite grains used for the construction of the CSD curves was 520 (in Khuseleka harzburgite) and in all the other cases the number was greater than 1500.
RESULTS

Petrography and electron microprobe analyses The Khuseleka profile
The UG2 chromitite seam is 80 cm thick and consists of euhedral to anhedral chromite crystals with an average size of about 0Á2 mm (Fig. 3) . The crystals are usually poikilitically enclosed by plagioclase and pyroxene oikocrysts up to 7 mm across, but locally form aggregates of larger, tightly intergrown anhedral crystals (chromitite textures and crystal size distribution are discussed in more detail in a separate section below). Chromite compositions throughout the seam have Mg# [atomic ratio Mg/(MgþFe 2þ )] at 0Á45-0Á52, atomic Cr/ (CrþAlþFe 3þ ) at 0Á57-0Á59 and TiO 2 concentrations at about 0Á9-1Á2 wt %. The orthopyroxene oikocrysts have Mg# of 0Á88-0Á91, which is significantly more magnesian than orthopyroxene in the footwall harzburgite (0Á79-0Á85). Plagioclase in the chromitite seam varies within the An 60 -80 range, except for a narrow interval in the upper part where the anorthite content decreases to An 28 (Fig. 4b) . Minor interstitial minerals are mostly biotite and high-Ca clinopyroxene. Apart from exsolution lamellae in orthopyroxene, clinopyroxene locally forms isolated interstitial crystals.
The lower contact of the UG2 main seam is sharp. The footwall rock is a coarse-grained feldspathic harzburgite (Fig. 3a) composed of euhedral olivine crystals (Fo 82-83 ) up to 7 mm in size, euhedral to subhedral orthopyroxene grains up to 15 mm across and interstitial plagioclase (An 60-81 ). The orthopyroxene Mg# gradually increases from 0Á79 to 0Á84 toward the contact with the main chromitite seam (Fig. 4a) . The compositions of disseminated chromite crystals vary broadly (Fig. 5) . The values of Mg# and Fe 3þ /total Fe in them tend to increase toward the chromitite contact, whereas the TiO 2 contents decrease in the same direction and Cr/(CrþAlþFe 3þ ) ratios are nearly constant ( Fig. 5b-d) . Biotite, amphibole and clinopyroxene are present in the rock in minor amounts as interstitial phases.
The upper contact of the UG2 main seam is also sharp (Fig. 3b) , and above it is a 23 cm-thick layer ('parting') of fine-grained orthopyroxenite with minor interstitial plagioclase and minor disseminated chromite. This parting separates the main chromitite seam from a thin (6 cm) chromite stringer ('leader' in mining terminology) above. The rock above the chromite leader is feldspathic pyroxenite with more abundant chromite than the orthopyroxenite in the parting and the chromite grains are arranged in sub-horizontal 'chains' (Fig. 3c) . Orthopyroxene compositions in the parting and hanging wall pyroxenite are practically identical, with Mg# of 0Á79-0Á84 and thus less magnesian than the oikocrysts in the massive chromitite (Fig. 4a) . Plagioclase compositions in the parting and the hanging wall pyroxenite vary broadly from An 35 to An 78 , but tend to have lower An and higher K 2 O contents than poikilitic plagioclase in the chromitite seams ( Fig. 4b  and c) .
Chromite from the pyroxenite parting, hanging wall pyroxenite, the main seam and the leader define a linear trend of decreasing Cr/(CrþAl) with increasing Mg/ (MgþFe 2þ ). This trend correlates with decreasing chromite abundance and corresponds to 'trend A' of Naldrett et al. (2012) . By contrast, disseminated chromite crystals in the footwall harzburgite plot off the trend at lower Cr/ (CrþAl) values (Fig. 6a) implying that some other factors affected chromite compositions there.
The Nkwe profile
The UG2 chromitite layer at Nkwe Platinum mine in the eastern limb is a single, 70 cm thick seam but, as typical for the eastern limb, there is a UG3 layer positioned approximately 10 m above it. The UG2 layer is underlain by pegmatoidal feldspathic pyroxenite, whereas the hanging wall rock is a 10 cm thick, chromite-free anorthosite layer which, in turn, is overlain by pyroxenite and UG3 chromitite. Both contacts of the UG2 seam are sharp. Euhedral to subhedral chromite crystals comprise 62-72 vol. % of the seam. Like in the Khuseleka UG2 samples, chromite is either poikilitically enclosed by plagioclase and orthopyroxene oikocrysts or forms clusters of bigger, tightly intergrown anhedral crystals. However, at Nkwe the clusters are notably more abundant and larger. Towards the lower contact with pyroxenite, larger chromite crystals contain numerous rectangular to roundish inclusions, 10-70 mm in size, composed of orthopyroxene, talc, Na-rich biotite (aspidolite) and rutile. Chromite near the upper contact is inclusion-free. Similar inclusions in chromite were described by Spandler et al. (2005) and Li et al. (2005) from chromitite-footwall contacts in the Stillwater Complex and the Bushveld Complex and are interpreted as crystallized melt inclusions. Vukmanovic et al. (2013) noted the presence of chromite crystals with similar inclusions in the chromitite seam at the bottom of the Merensky Reef.
The footwall pegmatoidal pyroxenite is composed of euhedral to subhedral coarse grained orthopyroxene and anhedral interstitial plagioclase. The rock also contains abundant biotite and minor disseminated chromite. Typical interstitial phases are hornblende, biotite, pumpellyite, rutile, calcite and sulphide. Similar observations in the footwall pyroxenite were reported in the eastern limb by Cameron (1975) and in the western limb by Penberthy & Merkle (1999) and Hulbert & von Gruenewaldt (1985) .
Mineral compositions in the Nkwe profile were reported by Veksler et al. (2015) , but that work did not present vertical profiles. Briefly, orthopyroxene Mg# in footwall pegmatoidal pyroxenite is at about 0Á7 and towards the contact with UG2 the value increases to 0Á81. The Mg# of poikilitic orthopyroxene cementing the chromitite seam is 0Á88 and the values for orthopyroxene in hanging wall anorthosite and pyroxenite are 0Á77 and 0Á79-0Á8, respectively. Plagioclase in anorthosite is An [75] [76] [77] ; in hanging wall pyroxenite the composition is An 60-75 ; poikilitic plagioclase in the chromitite seam is An [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] and in the footwall pegmatoidal rock plagioclase compositions vary broadly between An 36 and An 76 . The composition of disseminated chromite in the footwall pegmatoid also varies broadly and generally follows 'trend A' of Naldrett et al. (2012) . However, chromite from the chromitite seam has higher Mg# (0Á37-0Á53) and does not plot along the same trend (Fig. 6c) . The profile shows a subtle trend towards higher Mg# and an increase of Fe 3þ towards the top of the seam (Fig. 7) . At three levels of the main seam, one near the top and two in the lower third, TiO 2 and to some extent V 2 O 3 show a two-fold enrichment, and at these three levels chromite shows more coarsening.
Trace element distribution
Samples in the Khuseleka profile chosen for LA-ICP-MS trace element analysis were taken from the top, middle and bottom parts of the UG2 layer, and from the footwall and the hanging wall silicate rocks. The results are presented together with a summary of the electron microprobe data in Tables 1 and 2 . Trace element compositions of minerals from the Nkwe samples were reported by Veksler et al. (2015) , and we use data from that publication in this study. Interstitial clinopyroxene is more abundant in the Nkwe samples and only in that profile were we able to find grains large enough for laser ablation analysis.
A significant, if not the predominant, proportion of incompatible trace elements in plutonic rocks resides not in the major minerals but in interstitial or included accessory minerals, many of which form at the latest stages of crystallization and/or in the sub-solidus field. The contribution of these minerals to the trace element budget is not captured by microprobe mineral analyses of the major phases and, therefore, important information on magma evolution may be overlooked. Wholerock analysis captures the contribution of all minerals present, but has the drawback that samples are crushed to powder and small-scale spatial variations are lost. As an alternative method for bulk analysis we tested the use of synchrotron-source XRF microanalysis (SR XRF), which provides information on a spatial scale intermediate between the in situ microbeam methods and conventional XRF, and has the advantage of being nondestructive.
Orthopyroxene, clinopyroxene, and REE geothermometry
Concentrations of compatible elements Cr, Co, Ni and Sc, and moderately incompatible Ti in orthopyroxene from the Khuseleka and Nkwe samples are similar and consistent with crystallization of the mineral from B1 parental magma, assuming element abundances in B1 . Experimental data on REE distribution between orthopyroxene, clinopyroxene and melt have been reviewed by Yao et al. (2012) , and Liang et al. (2013) , and in Fig. 8 Yao et al. (2012) are plotted for two temperatures, 890 and 1170 C, corresponding to the minimal and maximal estimates obtained by the two-pyroxene thermometer explained below. Notably, the mismatch between the observed concentrations and the theoretical predictions for light REE becomes greater with falling temperature. Liang et al. (2013) used experimental data on REE partitioning between coexisting orthopyroxene, clinopyroxene and melt to calibrate a two-pyroxene REE thermometer. They applied the thermometer to seven samples of harzburgites and pyroxenites from the Lower and Lower Critical zones of the Bushveld Complex analysed by Godel et al. (2011) and obtained equilibration temperatures between 1080 and 1230 C. They noted that these values were much higher than those calculated using the two-pyroxene Ca exchange thermometer of Brey & Kö hler (1990) , and attributed the difference to the relatively fast cooling rate of the Bushveld rocks and lower closure temperature for Ca diffusion than for REE. Our application of the REE and Ca exchange thermometers to the UG2 samples produced similar results to Liang et al. (2013) (Fig. 9) . Unfortunately, clinopyroxene crystals large enough for laser ablation are sparse in our samples of the UG2 layer and we were able to analyse only three samples from Nkwe. Equilibration temperature in the hanging wall pyroxenite at 1174 6 19 C is in a good agreement with the crystallization temperature of the Upper Critical Zone according to experimental studies (Cawthorn & Davies, 1983) . Equilibration temperature in footwall pyroxentite at 1288 6 12 C appears to be too high for the Upper Critical Zone, whereas the equilibration temperature calculated for the UG2 chromitite (889 6 29 C) is low. Furthermore, the two-pyroxene distribution of light REE elements (La to Pr) deviates from the predicted equilibrium trend towards greater enrichment of orthopyroxene. Similar deviations were observed in Bushveld samples by Liang et al. (2013) and those elements were excluded from the temperature calculations, as in our example. Equilibration temperatures according to the Ca exchange thermometer give consistently low values in the 840-885 C interval for all samples, which is also in agreement with Liang et al. (2013) .
Plagioclase
In Fig. 10 , we plot trace element concentrations in plagioclase normalized to the element abundances in the hypothetical B1 parental melt (Barnes et al., 2010) and compare the normalized values with experimental plagioclase-melt distribution coefficients compiled and reviewed by Bé dard (2006) . The comparison is aimed at testing whether the observed trace element concentrations are primary magmatic and consistent with plagioclase crystallization from the B1 liquid. A close match between the B1-normalized concentrations and experimental plagioclase-melt D values is observed for all analysed trace elements, with the exception of Pb (Veksler et al., 2015) , in plagioclase from the hanging wall anorthosite at Nkwe (Fig. 10b) . Good consistency with magmatic crystallization from the B1 parental magma is also observed for all the studied samples, with remarkably constant concentrations of the most compatible elements in plagioclase (Sr and Eu). In contrast, REE concentrations in interstitial plagioclase from pyroxenite, chromitite and harzburgite show enrichment relative to the predicted curve, consistent with REE accumulation in residual intercumulus liquid (trapped liquid shift effect) and possibly also an increase of plagioclase-melt D REE values with falling temperature (Bé dard, 2006) . Poikilitic plagioclase from the main UG2 seam is strongly depleted in K and Ti relative to the mineral in the silicate rocks. The depletion in Ti is probably due to diffusion of that element to chromite. The depletion in K, which is evident in Fig. 4c , was first described in detail by Veksler et al. (2015) and is attributed to alkali migration out of the chromitite layer during postcumulus crystallization (see discussion).
Synchrotron radiation XRF results
Concentration data collected during the SR XRF scanning were averaged for each 10 analyses, so each point on the vertical profiles in Fig. 11 and the Supplementary Data represents integration over an area of approximately 2 cm 2 , 10 mm along the profile and 20 mm across. The elements V, Zn and Ga are compatible in chromite and the distribution of these elements in the profile show a very high covariance and a strong correlation with Cr 2 O 3 as a proxy for the modal amounts of chomite ( Fig. 11a-d) . However, a closer look at the V variations shows an increase in the upper part of the main seam and even higher concentrations of V in the chromitite leader. We have no synchrotron data from the Nkwe profile, but note that the microprobe data for chromite also shows an abrupt increase in V (and Ti) in the upper section (Fig. 7e ). An increase of V concentrations at the top of the UG2 layer was also noted by Naldrett et al. (2012) .
The pattern of incompatible Rb, Y and Zr variations is of special interest because of their potential to indicate the distribution of interstitial residual liquid. In the silicate layers, these elements have consistently low concentrations in footwall harzburgite, and higher but variable contents in the pyroxenite parting and the hanging wall pyroxenite (Fig. 11e-g ). Notably, Zr and Y show a close covariance throughout the profile, probably reflecting a specific mineral host (zircon is present as an accessory phase). Rubidium correlates generally with Zr and Y, but less strongly since it is likely associated with interstitial mica or amphibole. Inside the main UG2 chromitite, all three elements show heterogeneous and correlated variations, with peaks at the bottom and near the top of the layer, but as in the wall-rocks, Rb has a more independent behaviour than Zr and Y.
In view of their different mineral hosts, the correlation between Rb and Zr or Rb and Y is remarkable and probably implies a greater proportion of trapped interstitial liquid near the contacts of the main seam. Two other incompatible elements, Nb and Mo, show a different distribution pattern. Both have low and highly variable concentrations, but they show a strong covariance. The correlation and erratic concentrations suggest that both elements are hosted by the same accessory phase or phases. Rutile is a logical host for Nb. It occurs in our samples as small needles and anhedral grains within, and interstitial to, chromite crystals, and has been described in association with chromite elsewhere in the Upper Critical Zone (e.g.in the UG2: Junge et al., 2014; Merensky chromitite: Vukmanovic et al., 2013) . Notably, Mo shows no correlation with Cu, Pd or As, so it is apparently not concentrated in sulphides, and given the strong correlation with Nb we suggest it may also be hosted in rutile. We found no information on Mo the predicted values according to Yao et al. (2012) and are plotted as grey solid lines. Temperature estimates T REE are according to the two-pyroxene REE thermometer (Liang et al., 2013) ; T BKN are according to the thermometer based on Ca distribution (Brey & Kö hler, 1990) .
partitioning in natural rutile, but the idea is supported by the existence of Mo-doped synthetic TiO 2 polymorphs, which are used in photocatalysis (e.g. Devi & Murthy, 2008) . The highest concentrations of Ni are observed in the footwall harzburgite, where it mostly resides in olivine, and in a sulphide-rich zone near the top of the main chromitite seam, where Ni probably resides in pentlandite (Fig. 11j) . Sulphide enrichment in that part of the profile is confirmed by reflected light microscopy and by the correlated strong peaks of Cu, Pd and As concentrations (Fig. 11k, l and n) . Note that the distribution patterns of Pd and Ru are significantly different. In particular, Ru shows no spike in the sulphide zone. Ruthenium is known to form laurite (RuS 2 ) inclusions in chromite (e.g. Maier et al., 1999) , and it does show a correlation with As in much of the main seam and the chromite leader. However, it is not concentrated with Cu and Pd in the sulphide zone. The decoupling of Pd and Ru was described in the larger study of PGE in Bushveld chromitites by Naldrett et al. (2012) , who concluded that they are controlled by different processes, Ru being incorporated during chromite crystallization and Pd being concentrated in an interstitial sulphide melt.
Textural types of chromite and crystal size distribution
Following Cameron (1969 Cameron ( , 1975 and earlier works cited therein, we distinguish three types of textural relationships between chromite and major rock-forming silicates in the UG2 layer. The first type is what Cameron (1975) called inter-grain chromite. This texture is observed in the rocks above and below the main chromite seams where chromite is interstitial to silicate crystals. In our samples the 'inter-grain' chromite forms networks surrounding silicate crystals or is aligned in sub-horizontal chains (Fig. 3c) . The textural types 2 and 3 are characteristic of the main UG2 seam and (in Khuseleka) the upper leader. The most common of the two types comprises chromite grains enclosed by orthopyroxene and plagioclase oikocrysts reaching a few centimetres in size ( Fig. 3d and e) . In the oikocrysts, size and the volume proportion of chromite tend to increase from the centre to the rim and the centre may be completely inclusion-free. In textural type 3, chromite forms aggregates of tightly intergrown, anhedral crystals practically devoid of silicates. The size of individual chromite crystals in the aggregates is notably larger than in the other two textural types and the grain boundaries are curved ( Fig. 3e and f) , which is a good indication for textural annealing, as discussed in detail below. The chromite aggregates commonly surround orthopyroxene oikocrysts with chromite-free cores. Sulphides are often found in the aggregates at triple junctions between anhedral chromite crystals (Fig. 3f) . The coarse chromite aggregates are present in samples from both studied profiles, but they are much more abundant at Nkwe. Their distribution is uneven in the profiles, and the proportion of chromite forming aggregates vs the poikilitic texture may change, even within the area of a standard thin section. However, we do not observe major changes in texture and modal composition between the upper and lower parts of the UG2 layer like those documented by Lee (1996) and Mathez & Mey (2005) .
The three textural types of chromite need consideration in the analysis of crystal size distribution because the ability of chromite grains to adjust in shape and size during post-cumulus processes differs depending on whether or not they are enclosed in silicate minerals (see discussion). We determined CSD curves for chromite in the main UG2 chromitite seam and adjacent wall-rocks at Khuseleka, but the wall-rocks at Nkwe contained too few crystals for a statistically valid analysis. The number of crystals processed in the samples varied from 500 in footwall harzburgite at Khuseleka to around 8000 in the main seam from both profiles. Note that the CSD measurements were made on several thin sections from all parts of the UG2 seam. In both profiles, we found no variations in the shapes of the CSD curves from the lower and upper parts of the seam and, therefore, have pooled the data in the curves on Fig. 12 . All data from the silicate layers refer to texture type 1 (inter-grain). The distinction between textural types 2 and 3 (poikilitic vs aggregate) in the chromitite seams was made by the presence or absence of triple junctions. Thus, all chromite grains in chromitite forming triple junctions were selected as belonging to the aggregates and all others were attributed to the poikilitic group. At Khuseleka, there were not enough grains in the aggregate type to calculate statistically valid CSD curves and, therefore, all chromite grains were analysed together. In the Nkwe chromitite the proportion of crystal aggregates is high and we generated separate CSD curves for the poikilitic and aggregate chromite types (Fig. 12b) . For reference, the ideal CSD in magma due to nucleation and growth would be a straight line with a negative slope intersecting the vertical axis at a point corresponding to the nucleation density (Marsh, 1988) . For UG2 chromite, the CSD curves show the maximum population density at about 0Á1-0Á15 mm and a relative deficiency of smaller crystals. The Khuseleka CSD results (Fig. 12a) show differences in the position and slope of curves from the wall-rocks vs the main UG2 seam. Both the footwall and hanging wall curves have a deficiency of grain sizes less than 0Á1 mm, but the CSD curve for larger grains is linear as in the ideal kinetic distribution mentioned above. By contrast, the CSD curve for UG2 has a non-linear slope with an upwardsconcave shape, the curvature increasing in the grain size range above 0Á6 mm. The Nkwe profile lacks data for the wall-rocks because of the paucity of chromite. The CSD curve for chromites of type 2 (poikilitic) is very similar to that of the Khuseleka chromite (also dominantly type 2), whereas the curve for chromite aggregates from Nkwe is quite different, reflecting the much larger proportion of coarse-grained chromite in the aggregates. Notably, all CSD curves from the UG2 main seam are not linear, but show an upward-concave shape which suggests textural annealing as discussed in a separate section below.
DISCUSSION
In the following discussion we address some of the current questions concerning the origin and evolution of the UG2 chromitite, especially the presence or absence of multiple magma injections and the ability of the trapped liquid shift effect to account for the chemical composition and variability in the layer. First, it is worth pointing out that the two profiles presented here are typical for the UG2 layer in the Bushveld Complex, including such macroscopic features as one or more leaders above the main seam (Khuseleka), sharp contacts and abrupt changes in mineral chemistry between chromitite and adjacent silicate rocks (both profiles), coarse pegmatoidal rocks in the footwall with abundant amphibole and mica (both profiles), thin anorthosite layers in immediate contact with chromitite (Nkwe) and poikilitic texture in the main seam (both profiles). Other detailed studies of UG2 reported similar findings (Hiemstra, 1985 (Hiemstra, , 1986 Cawthorn & Barry, 1992; Mathez & Mey, 2005; Mondal & Mathez, 2007; Maier & Barnes, 2008; Junge et al. 2014; Mungall et al., 2016) .
There are differences between the Khuseleka and Nkwe profiles that have been described above. These include the lack of an upper leader and the presence of a thin hanging-wall anorthosite at Nkwe. Lowtemperature interstitial minerals such as clinopyroxene, amphibole and mica are more abundant at Nkwe, the maximum Mg# of chromite is lower (but Cr# is the same) and the concentrations of incompatible trace elements in orthopyroxene and plagioclase are more variable than in Khuseleka samples (Figs 8 and 10 ). All of these features suggest that the UG2 layer at Nkwe underwent more chemical re-equilibration than at Khuseleka and the chromite CSD results also support a greater degree of textural evolution.
The UG2 as a composite layer Cawthorn (2011) proposed, on the basis of observations by Lee (1996) and the pattern of PGE distribution, that the UG2 chromitite appeared to be a composite layer comprizing at least 3 parts. Junge et al. (2014) described rhythmic variations in Cr/(Cr þ Al) ratios and TiO 2 contents in a vertical profile of UG2 in the Karee mine on the western limb, and interpreted these as cryptic layering resulting from multiple episodes of magma replenishment and fractional crystallization during the formation of the seam. The eight sub-layers suggested by Junge et al. (2014) can possibly be questioned because although average values do vary, the range of individual samples between cycles overlap. Before our study, there were no comparable fine-scale microprobe profiles through the full UG2 layer to confirm these findings. Our results from the Khuseleka profile and from Nkwe on the eastern limb show no fine-scale rhythmic variations of the Mg# and Cr# (Figs 5a and b and 7a and b) so they are certainly not a universal feature. Indeed, the lower 25 cm of the Khuseleka profile shows remarkably stable chromite compositions (Fig. 5) . However, we note greater compositional variations in chromite and poikilitic silicate crystals, well beyond analytical scatter, in the upper part of the main seam in both the Khuseleka and Nkwe profiles. These differences in mineral compositions between the upper and lower portions of the main seam and frequent presence of hanging wall leaders, e.g.at Khuseleka, appear to support the inference of Cawthorn (2011) that UG2 represents a composite layer. However, it is not clear that these variations can be explained by multiple episodes of chromite crystallization and accumulation, or different degrees of low-temperature re-equilibration. As discussed in the next section, we believe the evidence for the latter is very strong.
The trapped liquid shift effect
The concept of trapped liquid shift effect emerged from the fact that, as a rule, mineral compositions in crystallized plutonic rocks differ from the original compositions because of re-equilibration with intercumulus liquid or indeed in the subsolidus if cooling is slow enough. In a densely packed crystal mush where the volume proportion of crystals exceeds that of the liquid, movement of liquid relative to crystals practically stops and, with further cooling, the mush is expected to crystallise as a nearly closed system. Mineral compositions in the final product should depend on the kinetics of mineral-melt reaction and the modal proportions of the crystal and liquid phases. Since most UG2 minerals are solid solutions, slow exchange rates would produce, at a given cooling rate, compositionally zoned crystals that may retain original compositions in their cores, whereas fast exchange rates would result in homogeneous grains whose compositions differ from the original cumulus compositions (Cawthorn, 2015) . The magnitude of the trapped liquid shift effect should increase with increasing mass proportion of the trapped liquid to the crystal phases. A quantitative model proposed by Barnes (1986a) emphasizes this relationship, and application of the model to the layered rocks of the Bushveld Complex showed that major and trace element variations in the main rock-forming silicates in various zones of the Complex could be explained by the trapped liquid shift (Cawthorn, 1996 (Cawthorn, , 2015 . With respect to UG2, the trapped liquid shift effect has been invoked for explaining why chromites in massive chromitite seams have a constant and generally less evolved composition than in the adjacent silicate rocks (Cameron, 1977) . Our results support this general idea and many observations fit the simple model. However there are several features, especially in the trace element contents of major minerals, which are inconsistent with the closed-system trapped liquid scenario.
It is important to recall that mineral-melt reactions in a multiply-saturated magma involve all phases in the assemblage. In a previous study of the Upper Critical Zone, Veksler et al. (2015) discussed chromite-melt reactions in detail and showed that the reactions actively involve plagioclase, orthopyroxene and olivine, when the latter is present. Naldrett et al. (2012) also recognized the importance of other crystal phases and pointed out the key role of plagioclase buffering the activity of alumina to produce their trends A and B in the chemical evolution of Bushveld chromite. Figures 5-7 show that the compositions of disseminated chromite in silicate rocks are shifted from those in the main seam and in the leader. Moreover, the compositions are shifted to a different extent and in different directions, with no apparent relationship to the modal mineralogy of the layers. Thus, the presence or absence of plagioclase and the chromite: melt mass ratio may be important factors (Naldrett et al., 2012) , but they cannot be the only ones controlling chromite re-equilibration.
The observation of different chromite trends in different lithologies is important because it means that the interstitial liquid in those parts of the crystal mush may also have differed in composition, which implies development of chemical gradients. Chemical gradients are driving forces for diffusion and kinetic effects related to differences in diffusion rates for different components in different phases may come into play in their presence. Veksler et al. (2015) discussed connections between redox gradients and alkali diffusion in the interstitial liquid between modally-contrasting parts of the crystal mush. The results of the present study confirm an anomalous mobility of the alkali elements as evidenced, for example, by a strong depletion of K in plagioclase from the chromitite relative to the wallrocks (Figs 4c, 7c and 10) . Chemical gradients and differential mobility of components during evolution of a layered crystal mush can lead to the situation where a mineral dissolves in one layer but continues to crystallize in another, thus sharpening the boundary between them (see Veksler et al. 2015) . If dissolution keeps pace with crystallization in adjacent layers, the overall process may be nearly neutral in terms of thermal energy. These processes of migration of chemical components in the crystal mush and across its boundaries violate the closed-system assumption of the conventional trapped liquid shift model proposed by Barnes (1986a) . In real systems, modal layering is not a fixed starting point, but an evolving and growing feature, partly shaped by post-cumulus mineral-melt reactions.
The behaviour of trace elements
The trapped liquid shift effect has predictable effects on the incompatible element contents of crystals in the evolving mush and these are examined in the REE plots of Figs 8 and 10. The point of reference for this discussion is the composition of the parental melt from which the Upper Critical Zone crystallized. In this discussion we use the composition of the B1 magma from Barnes et al. (2010) and assume that this is appropriate for both the Nkwe (eastern limb) and Khuseleka (western limb) localities. There is some debate about the parental magma for UG2, but many workers consider B1 to be a good approximation for the initial Critical Zone magma (e.g.see Cawthorn, 2007) .
The results of this study show that the REE distribution between orthopyroxene, clinopyroxene and plagioclase deviates from that predicted by experimentally determined mineral-melt distribution coefficients (D) from Bé dard (2006, 2007) , and Yao et al. (2012) , and the B1 parental melt composition. In general agreement with the trapped liquid shift effect, interstitial plagioclase in pyroxenite, harzburgite and chromitite is enriched in moderately incompatible REE from La to Nd, but contrary to expectations, it is not enriched or, locally, even depleted in the strongly incompatible element Y (Fig. 10) . Orthopyroxene also has higher concentrations of light REE from La to Pr than expected for crystallization from B1 parental magma (Fig. 8) , in qualitative agreement with the trapped liquid shift. However, there is a discrepancy between the light REE contents of orthopyroxene and coexisting clinopyroxene (Fig. 9 ). Orthopyroxene and plagioclase should both be equally affected by re-equilibration with residual liquid so the discrepancy in REE distribution between them might be due to changes of the plagioclase-melt and orthopyroxene-melt D REE values with temperature and, or, melt composition. Chutas et al. (2012) reported a 'disequilibrium' distribution of Sr and Pb between plagioclase and orthopyroxene throughout the Lower and Critical Zones, and it is possible that the 'odd' REE distribution between plagioclase and pyroxenes resulted from the same processes. Notably, Sr is compatible with plagioclase, but strongly incompatible with orthopyroxene, and, therefore, the trapped liquid shift should have a much greater effect on Sr concentration and isotope composition in the latter mineral.
Permeability of the UG2 layer
The permeability of the UG2 crystal mush and its changes during late-stage crystallization is obviously important for assessing the possibility of material transport inside and out of the layers. Mondal & Mathez (2007) postulated a low permeability of the UG2 chromitite and proposed that upwards-migrating volatile-rich melt was trapped below UG2 to form the footwall pegmatoid. Conventional models of the trapped liquid shift effect also consider the chromitite and adjacent layers as closed, effectively separate systems, which implies a very low permeability (Barnes, 1986a; Cawthorn, 1996) . Manoochehri et al. (2015) used whole-rock concentrations of strongly incompatible elements and micro-Xray tomography to evaluate the paleo-porosity and extent of compaction in a 20 m section of the Upper Critical Zone including the UG2 and UG3 chromitites. Their results indicate a rather complex picture. The 'final porosity' (trapped melt fraction) in UG2 and UG3 chromitite based on the average of six incompatible elements was 0.12 -0.36, generally about the same or slightly higher than the final porosity of typical pyroxenite. However, the authors pointed out that the permeability of chromitite was possibly lower, but hard to determine precisely because it strongly depends on the crystallization of poikilitic orthopyroxene and plagioclase, which could block permeability and hamper compaction.
Our synchrotron XRF results for the full UG2 profile at Khuseleka (Fig. 11) show a discrete clustering of the incompatible elements Zr, Y Rb, Nb and Mo near the bottom and, especially, the top of the seam. Manoocherhi et al. (2015) noted a clustering of accessory apatite in chromitite at a centimetre scale, which resulted in strong variations of P content from one sample to another. Phosphorous was not measured in our SR-XRF profile, but the clustering of other incompatible elements probably also reflects the presence of particular accessory minerals (e.g.zircon, mica, rutile) in locations where the final stage of interstitial crystallization took place. Note that the Nb and Mo concentration peaks, which are interpreted to reflect accumulations of rutile, are in different parts of the profile from the Zr, Y and Rb peaks, which are likely to mark zircon and mica accumulations. This implies that material transport was still active within the UG2 layer at the time when the accessory minerals crystallized.
In the above context, it may be significant that the two-pyroxene REE thermometry in UG2 from Nkwe records a lower equilibration temperature within UG2 compared to the adjacent silicate layers (Fig. 9) , implying that interstitial crystallization and equilibration proceeded longer in the chromitite layers than in the wallrocks. The few samples analysed makes this a preliminary finding and it would be important for future studies to check if the low closure temperature is a general feature of the Bushveld chromitite layers.
The mechanisms of textural equilibration
In theory, the primary size distribution of chromite crystals due to the nucleation and growth kinetics could have been modified by mechanical processes (e.g.compaction and crystal sorting by gravity) and processes of textural equilibration. The latter are driven by the topological requirements of space-filling and by the need to minimise the total surface energy at grain boundaries. Because the surface energy at chromite-silicate interfaces is higher than at chromite-chromite and silicate-silicate interfaces, the formation of monomineralic crystal aggregates is beneficial. In the context of chromite textural evolution one should keep in mind that the very low contents of Cr in silicate melts [0Á05 wt % Cr 2 O 3 in the B1 magma at the time of Upper Critical Zone formation, according to Barnes (1986b) ] effectively rules out net addition by new in situ nucleation and growth, so that the total mass of chromite in the rock during textural equilibration should stay practically constant.
According to theoretical models, the crystal size distribution due to nucleation and growth is log-linear and such a distribution would be represented on Fig. 12 by a straight line with a negative slope (Marsh, 1988) . The Yintercept corresponds to the nucleation density and the slope is defined by the reciprocal product of the growth rate and the growth time, so that the greater the product, the shallower the slope. The UG2 CSD curves are clearly not straight and imply significant modification of the primary distribution. All curves from both profiles show a depletion of the smallest crystals in the chromite population relative to the ideal distribution. Pressure-solution, compaction and accumulation by gravity could explain the lack of smaller crystals but those processes operating alone would produce convex-upward curvature in the size distribution of larger crystals (Higgins, 2015) , whereas we observe concave upward curves in both profiles. Also, in the case of accumulation and crystal sorting by gravity, we would expect to see differences in the crystal size distribution from the top to the bottom of the UG2 layer, but no significant changes were observed. The concaveupward curvature of the CSD curves, which is especially well developed in chromite forming aggregates at Nkwe (Fig. 12b) , implies that the growth rate, growth time, or both increased with the grain size. This, together with the deficit of small crystals, implies textural adjustment by crystal coarsening, whereby larger crystals grow at the expense of smaller ones. Apart from grain coarsening, textural equilibration would also minimise, where possible, the area of high-energy interfaces between chromite and silicates. This will be ineffective in poikilitic grains, but should enhance the formation and growth of chromite aggregates.
The aggregates of intergrown chromite crystals (Fig. 3f) , thus appear to represent an advanced stage of textural equilibration. Their large size is in agreement with the theory of so-called 'normal' grain growth that applies to single phase polycrystalline systems, whereas 'abnormal' growth refers to large grains enclosing a matrix of much smaller crystals, the situation of pokilitic chromitite texture (Fig. 3d) . Theories of normal and abnormal grain growth have been actively developed in material science and especially in metallurgy where annealing is important and carefully controlled (e.g. Harker & Parker, 1945; Smith, 1964; Atkinson, 1988) . The characteristic features of crystal aggregates shaped by normal growth are curved grain boundaries intersecting in triple junctions with constant dihedral angles of 120
. The uniform dihedral angles arise from the requirement of minimal surface energy, whereas the curvature of crystal faces is a consequence of topological restrictions and the fact that there is no regular polyhedron with plane faces satisfying the optimal dihedral angles in 3D. Normal crystal growth in the aggregates proceeds by the movement of curved grain boundaries in the direction towards the centre of the curvature. Thus, crystals with concave faces expand, while neighbours with convex faces shrink and eventually disappear. Therefore, theory implies three different growth rates for chromite crystals in a chromitite layer when interstitial melt is still present. The growth rate is practically zero for chromite crystals in silicate oikocrysts. Crystals that are still in contact with the melt may grow at a rate limited by material transport in the melt phase and/or the kinetics of dissolution-precipitation at crystal-melt interfaces. In view of the very low amount of Cr in the melt, dissolution of smaller chromite crystals will be required for significant coarsening of the crystal population because the total chromite amount in the layer will stay constant. The third and fastest growth rate corresponds to the merger of crystals into one by migration of chromite-chromite grain boundaries (normal grain growth). The concave upward slopes of CSD curves for the poikilitic chromite inclusions may thus be attributed to the variable growth times depending on their position in the host crystals, with the longer growth time for the larger crystals at the rims of the oikocrysts than in their centres (Fig. 3d) . As expected, the highest growth rate is for the intergrown chromite aggregates (Fig. 12b) . The concave CSD curvature in the aggregates means that the product of growth rate and growth time increases with crystal size. Since the growth rate should increase as soon as two chromite crystals form a shared interface and undergo 'normal growth' mode, the concave curvature may indicate that largest crystals in the aggregates were in the mode of normal grain growth for a longer time.
Comparative CSD studies of chromitite occurrences in or outside the Bushveld are sparse and, unfortunately, the calculation methodologies are not standardized, making direct comparison of CSD curves difficult. The closest comparison is the study by Vukmanovic et al. (2013) of thin chromitite stringers at the upper and lower contacts of the Merensky Reef. They found two crystal populations in the lower stringer and a single one in the upper chromitite. Their analysis of the CSD curves used a different input parameter (equivalent circle diameter vs the Feret diameter), which may affect the absolute values, but not the shapes of the CSD curves. The CSD curve for the lower Merensky stringer, is complex because of the two populations inferred by Vukmanovic et al. (2013) , but the CSD curve for the upper stringer is concave-upwards much like our results. O'Driscoll et al. (2010) performed CSD analysis on chromite in the Rum layered intrusion in Scotland using the same measurement, conversion and calculation methods as in our study. In comparison with Bushveld, the population density maxima for Rum are at finer grain sizes, between 0Á013 and 0Á05 mm, and the right-hand slopes are much steeper. The latter are probably due to shorter time available for textural coarsening in Rum than in Bushveld. Jackson (1961) and Waters & Boudreau (1996) measured chromite size distributions in the Stillwater intrusion (Montana, USA), but their methods differ from those used in this study and cannot be directly compared. Qualitatively, however, the size distribution of chromite from Stillwater published by Waters & Boudreau (1996) looks similar to our results, i.e.coarser and more texturally evolved than in the case of Rum.
To conclude, the processes of textural equilibration seem to account for the characteristic features of all observed CSD curves within the chromitite layer. The implication is that even if crystal settling and gravity sorting played a role in UG2 formation, as suggested, for example, by Kinnaird et al. (2002 ), or Maier et al. (2013 , the textural evidence for these primary processes was overprinted in both profiles by subsequent recrystallization and crystal coarsening. Overall, the textural equilibration is more advanced at Nkwe than at Khuseleka, and this appears to correlate with the greater abundance at Nkwe of low-temperature interstitial minerals (e.g.clinopyroxene, amphibole, biotite) and with the slightly more evolved compositions of the major phases (e.g.the lower maximal Mg# of chromite).
CONCLUSIONS
There is an ongoing debate about how the chromitite layers in the Upper Critical Zone of the Bushveld complex formed, but no-one would argue that the mineral compositions and textures within the layered rocks are primary magmatic. Major adjustments took place by a combination of compaction, textural annealing and the reaction of early-formed crystals with the interstitial, residual melt. To better understand these late-stage processes, the c.1 metre-thick UG2 chromitite layer and its immediately surrounding wall-rocks were studied with millimetre-scale resolution in two continuous profiles from drill core samples: one is from the western limb at Khuseleka mine and the other is from the Nkwe mine on the eastern limb. In both cores, the major and minor element composition of chromite and the main silicates were determined by microprobe across the entire profile and chromite textures were analysed in terms of their crystal size distribution (CSD) in the same contiguous sets of thin sections. In addition, a new application of synchrotron XRF scanning was used to provide continuous trace element profiles of the Khuseleka core.
Chromite is an accessory mineral in the silicate rocks above and below UG2, forming interstitial crystals with a considerable range of Mg#, Cr# and TiO 2 contents, which contrasts with the rather constant compositions in the chromitite layer. Most of the chromite in the UG2 seam is included in anhedral, centimetre-sized orthopyroxene and plagioclase oikocryts. Chromite also occurs as tightly-intergrown aggregates with curved grain boundaries and 120 triple junctions. The grain size in the aggregates is larger than in the oikocrysts and we attribute this to late-stage annealing, which is supported by the shape of the CSD curves for the different textural types. The annealing texture is more pronounced in the Nkwe samples than at Khuseleka, but the chemical composition of the two chromite types are the same. Vertical microprobe profiles show nearly constant Mg# and Cr# in the lower half of the layer and more variable compositions in the upper part. The mineral compositions in the upper part of these profiles are variable but erratic, and we attribute the heterogeneity to local re-equilibration effects rather than to multiple charges of magma or chromite slurries.
The trace element data for orthopyroxene, clinopyroxene and plagioclase from within the UG2 layer differ from those in the adjacent silicate layers. The latter are generally consistent with an origin from a B1-like parental magma, but the compositions within the chromitite layer have higher incompatible element contents. This discrepancy can be explained by equilibration with a more evolved, interstitial melt (the trapped liquid shift effect), but the shift is not constant for all incompatible elements and the premise of a closed-system evolution of the crystal mush is not entirely valid. Anomalously low concentrations of K, in particular, suggest selective migration of alkali elements out of the chromite layer in response to chemical potential gradients across the boundary with adjacent layers (see Veksler et al., 2015) . An important and hitherto under-used application of trace element data from Bushveld rocks is the twopyroxene-melt REE geothermometer (Liang et al., 2013) , which yielded equilibration temperatures of 1170-1290 C for the silicate layers in the Nkwe profile, but only 890 C for the UG2 itself. This suggests that REE equilibration in the chromitite continued to a much lower temperature and possibly into the sub-solidus stage.
Our synchrotron radiation XRF results prove the value of this method for non-destructive and highresolution profiles of trace element distribution in drill cores. Correlated peaks in the concentration of incompatible elements Zr, Y, Rb, Nb and Mo occur near the bottom and the top of the UG2 layer. We attribute these to local concentrations of accessory zircon, mica and rutile, which may indicate the distribution of the last pockets of residual melt in the chromite crystal mush. The distribution of ore elements Ni, Cu, Pd, Ru and As is also imaged by this method. The concentration of Ni, Cu and Pd in a single zone near the top of UG2 is explained by hosting of these elements in pentlandite, whereas Ru shows a more diffuse distribution that reflects its distribution in primary Ru sulphide inclusions in chromite.
